In the present article, a detailed study of the optical properties of the Er-doped Si nanocrystals system, obtained through ion implantation of Er in samples containing Si nanocrystals formed by plasma enhanced chemical vapor deposition is reported. In particular, we present a phenomenological model based on an energy level scheme taking into account the strong coupling between each Si nanocrystal ͑NC͒ and the neighboring Er ions, and considering the interactions between pairs of Er ions too, such as the concentration quenching effect and the cooperative up-conversion mechanism. Based on this model, we wrote down a system of coupled first order differential rate equations describing the time evolution of the population of both the Si NC and the Er related excited levels. By studying the steady state and time resolved luminescence signals at both the 1.54 and 0.98 m Er lines and at the Si nanocrystals emission ͑at around 0.8 m͒, we were able to fit the experimental data in a wide range of Er concentration ͑between 3ϫ10 17 /cm 3 and 1.4ϫ10 21 /cm 3 ) and excitation pump power ͑in the range 1 -10 3 mW), determining a value of 3ϫ10 Ϫ15 cm 3 s Ϫ1 for the coupling constant describing the interaction between Si NC and Er ions, and of 7ϫ10 Ϫ17 cm 3 s Ϫ1 for the cooperative up-conversion coefficient. Moreover, an energy transfer time of ϳ1 s has been estimated, confirming that Si nanocrystals can actually play a crucial role as efficient sensitizers for the rare earth. In addition, the role of Si nanocrystals and of strong gain limiting processes, such as cooperative up-conversion and confined carriers absorption from an excited NC, in determining positive gain at 1.54 m will be investigated in details. The impact of these results on the fabrication of optical amplifiers will be finally addressed.
I. INTRODUCTION
Among the different approaches developed to overcome the intrinsic low efficiency of silicon as a light emitter, quantum confinement and rare earth doping of silicon have dominated the scientific scenario of silicon-based microphotonics. Indeed, due to their promising optical properties, all kind of silicon nanostructures, i.e., porous silicon, 1, 2 Si nanocrystals ͑NC's͒ embedded in SiO 2 matrix, [3] [4] [5] [6] [7] [8] [9] [10] [11] and Si/SiO 2 superlattices [12] [13] [14] [15] have been widely studied. The efficient, tunable in the visible, room-temperature light emission of all of these structures has been ascribed to the recombination of a quantum confined exciton 2, 16, 17 which is self-trapped 18, 19 in a size dependent SiϭO level 20 at the interface between the Si nanostructure and the SiO 2 matrix. On the other hand, studies on Er doped crystalline Si have demonstrated that Er can be efficiently excited in Si through electron-hole pair recombination or through impact of energetic carriers 21, 22 and, despite the equally efficient nonradiative deexcitation processes such as Auger with free carriers and energy back transfer, 21 Er-doped Si devices operating at room temperature have been developed 22, 23 . Recently, Er doping of Si nanocrystals has been recognized as an interesting way of combining the promising features of both the previous methods. 24 -31 Indeed, it has been demonstrated that Si NC's in presence of Er act as efficient sensitizers for the rare earth. [30] [31] [32] [33] [34] In particular, the NC, once excited, promptly transfers quasiresonantly 35 its energy to the nearby Er ion, which then decays emitting a photon at 1.54 m. The effective excitation cross section for Er in presence of Si NC's is more than two orders of magnitude higher with respect to the resonant absorption of a photon in a silica matrix. 30 Moreover the nonradiative deexcitation processes are strongly suppressed, the Er lifetime being almost constant in the temperature range between 11 and 300 K ͑Ref. 36͒. The recent determination of net optical gain at 1.54 m in Er-doped Si nanocluster sensitized waveguides [40] [41] [42] and the demonstration of efficient roomtemperature electroluminescence from Er-Si NC devices 37 opened the route towards the future fabrication of electrically driven optical amplifiers based on this system. Several basic issues remain, however, to be addressed first, namely, the role and strength of the competitive nonradiative processes, the coupling strength between Si NC's and Er ions and the microscopic details of the interaction.
In the present work, a rate equation model describing the time evolution of the coupled Er and Si NC level populations will be presented and an estimate of the efficiency of the energy transfer will be reported. In particular, the occurrence of cooperative up-conversion among interacting Er ions in presence of Si NC's will be demonstrated for the first time to our knowledge. Through a comparison of simulated and measured photoluminescence data in a wide range of Er concentrations and pump powers, both the coupling and the upconversion coefficients will be determined. Important issues such as the maximum number of excitable Er ions per NC, and the role of up-conversion and carrier absorption from an excited nanocrystal in limiting the possibility of obtaining positive gain at the 1.54 m Er related emission will be addressed. These data will be reported, a comparison with recent results [38] [39] [40] [41] [42] will be made and future perspective towards the achievement of optical amplifiers will be discussed.
II. EXPERIMENT
Si nanocrystals were produced by high temperature annealing of a 0.2 m thick substoichiometric SiO x film ͑with 42 at. % Si͒ grown by plasma enhanced chemical vapor deposition ͑PECVD͒ on top of a Si substrate. Thermal treatments were performed at 1250°C for 1 h in ultrapure nitrogen atmosphere. The annealing process induces the separation of the Si and SiO 2 phases, leading to the formation of uniformly distributed Si NC's with a mean radius of 1.7 nm, as evidenced by plan view transmission electron microscopy ͑TEM͒. The estimated Si NC density in the sample has a value of ϳ1ϫ10 19 /cm 3 . After the Si NC formation, Er ions were then implanted at different energies ͑in the range between 170-500 keV͒ and doses in order to produce an almost constant Er concentration ͑in the range 3ϫ10 17 Ϫ1.4 ϫ10 21 /cm 3 ) all over the film thickness. Correspondingly, the mean number of Er ions per NC varies in the range 0.03-140. The very same Er implants were also performed in SiO 2 layers not containing Si NC's in order to have reference samples. All of the samples were eventually annealed at 900°C for 1 h in ultrapure nitrogen atmosphere in order to remove the residual damage left over by the implantation process 43 and to activate Er, preventing it from clustering. Photoluminescence ͑PL͒ measurements were performed by pumping with the 488 nm line of an Ar laser. The pump power was varied in a wide range, between 1 -10 3 mW, and focused over a circular area of ϳ0.3 mm in radius. The laser beam was chopped through an acousto-optic modulator at a frequency of 11 Hz. The luminescence signal was analyzed by a single grating monochromator and detected by a photomultiplier tube for the visible range ͑0.4 -0.9 m͒ or by a Ge detector for the infrared ͑0.8 -1.7 m spectral region͒. Spectra were recorded with a lock-in amplifier using the chopping frequency as a reference. All the spectra have been measured at room temperature and corrected for the spectral system response. Time resolved PL measurements were performed by first detecting the modulated luminescence signal with a Hamamatsu photomultiplier tube ͑model R5509-72͒ having an almost constant spectral response in the range 0.4 -1.7 m. The signal was hence analyzed with a photon counting multichannel scaler, triggered by the acousto-optic modulator. The overall time resolution of our system is of ϳ5 ns.
III. EXPERIMENTAL EVIDENCES
In Fig. 1 , the room temperature PL spectra of three different samples consisting of Er in presence of Si NC's ͑continu-ous lines͒, Er in SiO 2 ͑dashed line͒, and Si NC's before Er implantation ͑short-dashed line͒ are shown. The Er concentration in the two implanted samples is 6.5ϫ10 20 /cm 3 and, due to the multiple implants, is constant all over the film thickness. It is worth noticing that all of the spectra have been obtained in the very same conditions, i.e., exciting the systems with the 488 nm Ar-laser line at a pump power of 100 mW and at a chopper frequency of 11 Hz. Moreover all of the spectra have been corrected for the spectral system response, as obtained through a calibrated lamp. Hence the ratio of the intensities at the various wavelengths is an absolute value.
A lot of information can be gained from Fig. 1 . First of all, it is worth noticing that the efficient luminescence at around 0.8 m due to Si NC's alone completely disappears when introducing Er in the sample. Indeed, an intense peak at 1.54 m from Er 3ϩ ions appears at the expenses of the Si NC related emission, thus suggesting that the energy is now redistributed in the sample, being preferentially transferred from Si NC's to the rare earth. Moreover, the 1.54 m PL intensity due to Er ions in presence of Si NC's is over one order of magnitude higher with respect to the sample with Er in SiO 2 . It has been demonstrated that this intensity increase is due to the sensitizing action made by Si NC's for the Er ion. 30 In fact, each Si NC absorbs an incident photon and, once excited, promptly transfers its energy to a nearby Er ion which will return to its ground state emitting a photon at 1.54 m, corresponding to the transition from the first excited level 4 I 13/2 to the ground state 4 I 15/2 of Er 3ϩ . The measured effective excitation cross section for the Si NC mediated excitation process of Er is ϳ2ϫ10 Ϫ16 cm 2 , comparable to the value found for isolated Si NC's, and three orders of magnitude higher than the value of ϳ1ϫ10 Ϫ19 cm 2 for the excitation of Er through the direct absorption of an incident photon ͑which is typical for Er in an insulating host͒. Moreover, since it has been demonstrated that the high resolution Errelated spectra in the two matrices have similar shapes, 31 and since the shapes are closely related to the local environment, it has been concluded that the emitting Er ions in presence of Si NC are surrounded, at least in a first neighbors approxi- mation, by oxide. 31 In addition we have shown that the nonradiative decay processes are quite reduced. 28, 31, 36 Therefore, thanks to the strong sensitizing action of Si NC's and to the reduced nonradiative decay channels, the Er-doped Si NC system is a quite promising light emitter candidate.
As can also be seen in Fig. 1 , the 1.54 m luminescence intensity coming from Er in presence of Si NC's is even more intense than the 0.8 m luminescence signal due to Si NC's without Er. Another important feature shown in Fig. 1 is the presence of the 0.98 m line in the spectrum related to the Er-doped Si NC sample, due to the radiative transition from the second excited state 4 I 11/2 to the ground state 4 I 15/2 of Er. This is a clear evidence of the energy transfer between Si NC's and Er ions, since it has been postulated 28 and recently demonstrated 35 that a quasiresonant energy transfer can occur between the Si NC's emitting at 0.8 and 0.98 m and the two manifold Er-related levels 4 I 9/2 and 4 I 11/2 , respectively. Thus the appearance of the efficient 0.98 m Er line can again be attributed to the sensitizing action of Si NC's which are strongly coupled with the Er-related levels. Indeed this line is still visible at room temperature even at laser pump powers as low as a few mW, being in that range totally undetectable for the Er-doped silicon dioxide sample.
The experimental facts can be summarized as follows.
͑i͒ In presence of Si NC, Er ions are excited through the NC's themselves which act as the absorbing system. ͑ii͒ The energy transfer occurs quasiresonantly 35 from the Si NC's to the 4 I 9/2 Er manifold for Si NC's emitting at ϳ0.8 m.
͑iii͒ The effective excitation cross section for Er is enhanced by ϳ3 orders of magnitude by the sensitizing action of Si NC's, 30 with respect to Er in insulating hosts. ͑iv͒ The effective excitation cross section for Er in presence of Si NC is comparable to the absorption cross section of isolated Si NC's, thus attesting the strong coupling between Si NC's and Er.
͑v͒ Er is surrounded by O and it is very likely within the oxide matrix or at the Si NC/oxide interface. 31 ͑vi͒ The decay channels, typically limiting the efficiency of Er emission in crystalline Si ͑Ref. 21͒, are absent in this case. 28, 31, 36 
IV. MODELING THE Si-NANOCRYSTAL-Er INTERACTION
In order to explain the overall experimental picture, we developed a model for the Si-NC-Er interaction, based on the schematic energy levels diagram reported in Fig. 2 . In this scheme a Si NC is represented by a three level system, consisting of two band edge levels and of an interfacial level, which acts as a trap for the exciton. 18 -20 Since the trapping is assumed to be a very fast process if compared to the typical decay times, we commit a small error for our purposes in considering the Si NC as an effective two levels system, where the ground state is represented by level a and the excited state by level b. Thus ab is the effective excitation cross section describing the creation of an exciton and its subsequent fast trapping at the interfacial level, following the absorption of a 488 nm photon. w b is the total recombination rate of an exciton for the isolated Si NC, comprising both radiative and nonradiative recombination rates. Er 3ϩ is schematized as a five levels system, where the fifth level is the sum of 4 S 3/2 , 2 H 11/2 , and 4 F 7/2 , which are strongly overlapping, due to the Stark splitting caused by the matrix field on each multiplet, and can therefore be treated as a single level. With w i j we indicate the total transition rate from level i to level j, where i, jϭ1,2, . . . ,5 and iϾ j.
Many of the parameters shown in Fig. 2 are well known experimentally or theoretically, others deserve a detailed study in order to be determined. One of the most important coefficients is C b1 , since it describes the coupling between the excited Si NC level and the ground state of Er, and it is therefore responsible for the energy transfer between the Si NC's and the rare earths surrounding it. This energy transfer is indeed represented by the two white arrows, depicting the nonradiative deexcitation of an excited Si NC ͑down arrow͒ and the following Er 3ϩ excitation to the 4 I 9/2 level ͑up arrow͒. C bi (iу2) describes the excited state excitation ͑ESE͒ from level i. This process is very similar to the excited state absorption of a photon from an excited level of Er in insulating matrices. In this case, ESE describes the reexcitation of an excited Er level through the energy transfer from an excited Si NC. After Er is excited to the 4 I 9/2 level, an energy back transfer from this level back to the first excited level of a NC could occur and the strength of this process is given by C bt . However, the back transfer mechanism is quite ineffective, since level 4 I 9/2 is efficiently depleted by a very fast relaxation to level 4 I 11/2 , being therefore almost empty. Another effect which we should take into account is very similar to the Auger effect occurring in Er-doped crystalline Si ͑Ref. 21͒, where the energy of an excited level of Er can be given up to a carrier ͑electron or hole͒ which is free in the conduction or valence band of bulk Si, promoting it to a higher lying level. In the Er-Si NC system, it could happen that the energy can be transferred from an excited Er level back to a confined exciton, thus promoting it to a higher energy level. This process is represented by the constant C A , taking into account the Auger process with both the electron or the hole forming the exciton. Clearly, this Auger process, in order to occur, requires that a new exciton is formed in the NC while an excited Er level is still filled. Therefore it becomes effective only at high pump powers and it mainly involves the long lived 4 I 13/2 level. Moreover, due to the quantized nature of both the excitonic and the Er related levels, the Auger effect with the nanostructure should be less efficient than in bulk Si, where a continuum of densely spaced energy levels in both the valence and the conduction bands exists.
We also take into account the concentration quenching effect, which is due to the energy migration all over the sample caused by the energy transfer between two nearby Er ions, one in the first excited level and the other in the ground state. Concentration quenching has been well characterized in a previous work, 30 and therefore the value of the total rate of deexcitation from the first excited Er level, i.e., w 21 ϩw Er , where w Er takes into account the concentration quenching effect, is well known. Indeed, w 21 ϭ4.2 ϫ10 2 s Ϫ1 and w Er ϭ8C Er N q N 0 , where N q is the concentration of quenching centers ͑probably ϪOH groups͒, C Er is the coupling coefficient describing the interaction between the first excited and the ground levels of Er, and N 0 is the total Er cocentration. From experiments 30 we get C Er N q ϭ3.2ϫ10 Ϫ20 cm 3 s Ϫ1 . Eventually, the constants C up and C 3 are the cooperative up-conversion coefficients describing the interaction of two nearby Er ions which are both in the first or in the second excited states, respectively. In the first case one of the two ions will return to the ground state giving its energy to the other which will be excited to the 4 I 9/2 level. In the second case the interaction will bring one ion to the 2 H 11/2 level and the other to the ground state. In the model we take also into account the possibility of a direct absorption of a 488 nm photon by Er leading to a transition from the ground state to the 4 F 7/2 level. This process is characterized by an excitation cross section of ϳ1ϫ10 Ϫ19 cm 2 , as determined in an oxide reference sample.
Thanks to this scheme, we are able to write down the set of first order rate equations describing the time evolution of the concentration of Si NC's and Er ions in each level:
where is the flux of photons incident onto the sample, n a,b and N i , with iу1, are the density level populations of Si nanocrystals and of Er ions, as represented in Fig. 2 . In particular, we can define n a ϩn b ϭn 0 and ͚ i N i ϭN 0 , where n 0 and N 0 are the total concentrations of excitable Si NC's and Er ions, respectively. Here we assume that each NC contains at maximum one exciton at a time, since the Auger effect between two excitons would lead to a quick ͑Ͻns͒ recombination of one of them, thus leaving only one exciton inside the NC in times much smaller than the typical times characterizing the Er system. Therefore talking about an excited nanocrystal we are simply referring to a NC with an exciton in it. A NC with no excitons, i.e., not excited, will be referred to as a NC in the ground level a. It is worth noticing that the interaction between two levels is represented in Eq. ͑1͒ through terms involving the product of the concentrations of the centers which are actually lying in those levels. Therefore the interaction probability will be described by rates which are inversely proportional to the square of the mean interaction volumes. In such a way we are introducing a short-range ͑dipole-dipole-like͒ interaction whose strength inversely depends on the sixth power of the mean distance between the two centers. On the other hand, we notice that the nonradiative deexcitation rates in Er 3ϩ from higher lying levels to closely spaced lower levels are quite high. In particular w 54 ,w 43 ӷw 32 ӷw 21 .
A few comments need to be made at this stage. Indeed, through Eq. ͑1͒ we are taking into account many phenomena which could in principle occur in the Er-doped Si nanocrystal system. Actually, among the various processes, we can distinguish between first and second order mechanisms, depending on the weight of the terms in the rate equation system ͑1͒. As far as the Er ion is concerned, it is evident, for example, that the most important mechanisms are the primary excitation due to the presence of Si nc, described by a term containing C b1 , and all the processes involving the long-lived level 4 I 13/2 , such as cooperative upconversion between two neighboring Er ions excited in that level, excited state excitation, concentration quenching, and eventually Auger processes with a nearby exciton. Indeed, mechanisms involving the interaction between two levels, bring in Eq. ͑1͒ a term which is proportional to the product of the population densities of the two levels. Therefore, the more a level is populated the stronger is its influence in the system of rate equations ͑1͒. Since the longer is the lifetime of a level the more that level is populated, we gain the result that excited Er levels other than the first one are much less important in the kinetics of the system, since they are almost empty, being characterized by lifetimes Շ1 s, i.e., very small if com-pared to the value of ϳ1 ms related to the 4 I 13/2 level. Therefore, Eq. ͑1͒ will be solved at first considering only the most important processes, thus fixing the main physical parameters. Successively, all of the other parameters will be adjusted in order to obtain a better agreement with experiments. Indeed, from Eq. ͑1͒ both the time resolved and the steady state excited level populations (N i ) can be obtained. The simulated luminescence intensities I s,i coming from the corresponding ith level are simply proportional to the density level population times the radiative rate w R,i of that level, through the following equation:
By fitting the experimental intensity data through the simulated intensities given by Eq. ͑2͒, fixing the already known constants, we are able to find the unknown physical parameters, such as the coupling costant C b1 , describing the Si-NC-Er interaction, or the cooperative up-conversion coefficient C up . A summary of the main physical parameters used in the simulations, which give the best agreement with experimental data, can be found in Table I .
V. THEORY VS EXPERIMENT
In Fig. 3 the total number of photons emitted in steady state conditions at around 1.54 m ͑solid triangles͒ and at around 0.8 m ͑solid circles͒, as deduced from experimental spectra, are reported as a function of Er concentration, for a fixed Si NC concentration of 1ϫ10 19 /cm 3 . In the same figure, the simulated numbers of excited Er ions ͑open triangles͒ and Si NC ͑open circles͒ calculated from Eq. ͑1͒, which are proportional to the numbers of emitted photons at 1.54 and 0.8 m, respectively, are also plotted for comparison. The continuous lines are just a guide to the eye. It is worth noticing that the agreement between the experimental and the simulated behavior is quite impressive, since we are covering several orders of magnitude by using fixed parameters in the calculations, as reported in Table I . By increasing the Er concentration, the mean number of Er ions per Si NC increases too. When the Er concentration is lower than the NC one, only a few NC's have a nearby Er ion they can couple with. Since the coupling is strong, those NC's, once excited, will preferentially transfer nonradiatively their energy to the neighboring Er ions. Hence for each Er ion coupled to a NC, a photon in the Si NC related spectrum will be lost, and a photon in the Er related spectrum will be gained. The Si NC's which are not coupled to any Er ion continue to emit light at around 0.8 m with the same lifetime, almost independent of the Er concentration. 28 When the Er concentration equals the Si NC one, every Si NC is coupled with an Er ion, and the Si NC emission is almost completely quenched with respect to the unimplanted sample. 28, 31 For Er concentrations greater than the Si NC one, each NC will be surrounded by several Er ions. In principle, due to the strong coupling, each NC is able to excite several Er ions in the typical deexcitation time of the first excited Er level ͑a few ms͒, the maximum number being only determined by the excitation rate of the NC, i.e., by the cross section times the incident photon flux, multiplied by the lifetime of the first excited Er level. Since at Er concentrations greater than 2ϫ10 20 /cm 3 the concentration quenching effect also becomes effective, 30 the Er lifetime will strongly decrease thus producing a reduction of the maximum number of excitable Er ions per NC. This will produce an additional saturation in the high Er concentration side of the 1.54 m curve in Fig. 3 .
In Fig. 4 , the Er-related 1.54 and 0.98 m luminescence intensities, corrected for the system response, are reported as a function of the pump power, varied in the range between 1 and 10 3 mW, for a sample containing 6.5ϫ10 20 Er/cm 3 in presence of Si NC's. In this wide range, the 1.54 m inten- sity is seen to strongly saturate, while the 0.98 m has a linear trend up to 10 mW and then it starts to saturate at higher powers. It is worth noticing that while at low powers the ratio between the 1.54 and 0.98 m intensities is ϳ10 2 , at the highest observed powers this ratio strongly reduces to a factor of 10. The continuous lines are fits to the experimental data obtained by solving the rate equations given in Eq. ͑1͒ and by using Eq. ͑2͒.
To investigate the correlation between the two observed lines, we plotted in Fig. 5 the 0.98 m luminescence intensity as a function of the 1.54 m one, for each of the pump powers used. While the 1.54 m intensity varies in a range spanning two orders of magnitude, the 0.98 m line intensity is seen to increase in a three orders of magnitude-wide interval, with a quadratic power law dependence, as attested by the linear fit ͑continuous line͒. Once more, the open data represent simulations obtained within the same model. Since the intensity at a certain wavelength is proportional to the number of emitted photons, which is moreover proportional to the number of excited centers emitting at that wavelength, it is possible to conclude that the number of Er ions excited in the 4 I 11/2 level, which is responsible for the 0.98 m emission, is proportional to the square of the number of Er ions which are excited in the 4 I 13/2 level, i.e., N 3 ϰN 2 2 . That is to say, in order to have an Er ion excited in the 4 I 11/2 level we need two Er ions excited in the 4 I 13/2 level. This is the result of a typical cooperative up-conversion mechanism, well known for Er in Al 2 O 3 ͑Ref. 44͒ and in silica glasses, 44, 45 which, to our knowledge, had not yet been observed in the Er-doped Si nanocrystals system. As reported in the inset of Fig. 5 , in a cooperative up-conversion process, one of two nearby interacting Er ions, both in the first excited state, gives up resonantly and nonradiatively its energy to the other, collapsing to the ground state and bringing the other in the 4 I 9/2 level. Then a nonradiative deexcitation occurs from this level to the lower lying 4 I 11/2 level. Hence, the subsequent radiative recombination from this level produces a 0.98 m photon. We get a 0.98 m photon at the expenses of two 1.54 m photons which can no more be emitted. This is the physical meaning of the quadratic power law behavior observed in Fig. 5 .
Other experimental evidences for the occurrence of the cooperative up-conversion mechanism in our Er doped Si NC samples can be gained by looking at the time evolution of the 1.54 m emission. Indeed, in tem has reached the steady state condition, we switch off the laser beam and measure the time evolution of the luminescence signal. At very low pump powers the measured lifetime is of the order of 1 ms. Actually this low value is a consequence of the concentration quenching effect taking place in this system. 30 With increasing the pump power, a shortening of the measured lifetime is observed in the first instants of the decay, causing a stretching of the decay curve, which recovers its original straight shape only at longer times. Indeed, with increasing the pump power, the concentration of Er ions brought in the first excited level in steady state conditions increases too. Hence it becomes more probable to find all over the sample pairs of nearby excited Er ions. Within each pair of excited Er ions a strong cooperative up-conversion mechanism sets in, producing a fast quenching of the first excited level population, i.e., of the 1.54 m luminescence. This quenching continues until excited Er ions remain only far apart, and, being no more interacting, can relax in the ground state emitting photons with the lifetime measured at low pump powers.
In Fig. 7 the experimental e Ϫ1 lifetime at 1.54 m measured from Fig. 6 ͑solid circles͒ is reported as a function of the pump power used. For comparison, the values simulated by solving the rate equations ͑1͒ by using an up-conversion coefficient of 7ϫ10 Ϫ17 cm 3 s Ϫ1 are also shown ͑open circles͒. The agreement is good, considering the wide range of pump powers covered. It is worth noticing that by setting C up ϭ0 in Eq. ͑1͒ and fixing all of the other parameters, we are not able to take into account the shortening of the lifetime with increasing the pump power ͑open triangles͒, demonstrating once more that this reduction is mainly caused by upconversion.
Actually, another mechanism which could in principle produce a shortening of the Er lifetime at 1.54 m is the Auger effect between an Er ion in its first excited level and an excited NC, represented in Fig. 2 by the coefficient C A . However, this effect can be ruled out since, in order to take place, a Si NC should remain in its excited state for times as long as the Er lifetime, in order to explain the lifetime shortening at times Ͼ100 s, as shown in Fig. 6 . But due to the strong interaction between a Si NC and the nearby Er ions, the lifetime of the exciton in the Si NC has to be much lower than the exciton lifetime in absence of Er, which is ϳ50 s. Therefore, once the excitation is switched off, an exciton in presence of Er ions can survive in the NC for times Ӷ50 s, and it is only in this narrow temporal window that the interaction leading to an Auger quenching process with the first excited level of Er would occur. Therefore, an Auger process would have explained a luminescence quenching at 1.54 m for times Ӷ50 s but cannot explain the quenching reported in Fig. 6 , since it can be observed even for times Ͼ100 s, i.e., much longer than the typical lifetime of an exciton interacting with Er.
Another direct evidence for the presence of cooperative up conversion can be envisaged in Fig. 8 , where a decaytime measurement at the 0.98 m Er emission is reported, for the very same sample containing 6.5ϫ10 20 Er/cm 3 and by using a pump power of 66 mW. The 0.98 m line coming from the radiative recombination of level 4 I 11/2 is characterized by a lifetime of ϳ2.5 s, attesting that most of the deexcitations from that level are nonradiative. The decaytime curve reported in Fig. 8 is composed by a first straight part, showing a lifetime of just ϳ2.5 s, and of a very long tail extending over 10 s and characterized by a longer lifetime. Indeed, this long tail is due to the refilling of the 4 I 11/2 at the expenses of level 4 I 13/2 determined by the cooperative upconversion involving two Er ions in the first excited level. Since this level is long-lived, two excited Er ions can interact through upconversion even at times longer than s, as reported in Fig. 6 , thus repopulating the level 4 I 11/2 , which otherwise would have been depleted in a mean time of 2.5 s.
Since we are eventually interested in the emission of a 1.54 m photon, we want to better investigate the real effect of upconversion in the dynamics of the 4 tion. Figure 9 shows the normalized luminescence intensities recorded at 1.54 m as a function of time after switching on the laser beam at tϭ0, and for different pump powers. As can be observed, the luminescence signal reaches the saturation value in a time which is shorter the higher is the excitation power. We define the typical experimental risetime on as the time it takes the luminescence signal to reach the 63% ͑i.e., 1Ϫe Ϫ1 ) of the saturation value. In Fig. 10 , the reciprocal of the experimental risetime ͑solid circles͒ extracted from Fig. 9 is plotted as a function of the pump power. The experimental trend is linear up to 1 mW. Indeed, within this low power regime it is possible to demonstrate that the reciprocal of the risetime on follows the law
where is the photon flux, the total lifetime of level 4 I 13/2 , comprising the radiative and all the nonradiative deexcitation processes, and eff is an effective excitation cross section for Er in presence of Si NC's. From a linear fit of the experimental data through Eq. ͑3͒ a value of ϳ2ϫ10 Ϫ16 cm 2 can be estimated for the Er excitation cross section, in agreement with recent findings. 30 At higher pump powers, the linear approximation is no more valid, and indeed the trend of the experimental data in Fig. 9 shows a strong saturation, which can be attributed to the up-conversion mechanism, as indicated by the good agreement of the simulated data ͑open circles͒ obtained by solving Eq. ͑1͒.
Another mechanism which could in principle limit the excitation rate of Er is clearly the transfer mechanism itself. Indeed, given a certain Er concentration, the total number of excitable Er ions depends clearly on the excitation power, but at very high pump powers the effective energy transfer time between a single Si NC and each Er ion becomes the physical limiting factor. In Fig. 11 , the luminescence intensity at 0.98 m is reported as a function of time, normalized for the steady state values, for two very different excitation powers. The mean risetime is clearly independent of the pump power, being equal to 2.4 s, which is comparable to the decay time of the 4 I 11/2 level. Since this level is directly pumped by a Si NC through a fast decay from level 4 I 9/2 , we can conclude that the time it takes a Si NC to transfer its energy to a nearby Er ion must have a typical value of tr ϳ1 s. This means that even if the excitation power is such that more than one exciton is created in each NC in a time interval of 1 s, only one of these excitons can transfer its energy to the nearby Er ion in that time interval. Therefore increasing the excitation power over a critical value P c cannot produce a corresponding increase in the excitation rate, thus contributing to the saturation observed in Fig. 10 . Fig. 9 . From a linear fit of the data in the low pumping power regime ͑up to 1 mW͒ it is possible to estimate an excitation cross section of ϳ2ϫ10 Ϫ16 cm 2 for the Si NC mediated excitation of Er. At higher powers, a strong saturation is observed, due to cooperative upconversion which limits the excitation rate of Er. FIG. 11 . Photoluminescence intensities at 0.98 m as a function of time, after switching on the laser excitation at tϭ0 for the sample containing 6.5ϫ10 20 Er/cm 3 in presence of Si NC's. The mean risetime is independent of the pump power excitation, suggesting that the energy transfer time between Si NC's and Er is actually comparable to the lifetime of level 4 I 11/2 , i.e., of the order of ϳ1 s. The time resolution of our setup is ϳ5 ns.
In order to estimate the value of the critical power P c , we need to equal the excitation rate ab of a NC and the transfer rate w tr ϭ1/ tr . By using an excitation cross section of 2ϫ10 Ϫ16 cm 2 and a transfer time of 1 s, we get for the critical photon flux a value c ϭ( ab tr ) Ϫ1 ϭ5 ϫ10 21 cm Ϫ2 s Ϫ1 . From this critical photon flux value, it is possible to estimate a critical pump power of P c ϭ5.7 W. It is evident from Fig. 10 that the pump power used is well below the critical value P c . Therefore we conclude that the strong saturation in the excitation rate deduced from Fig. 10 is mainly due to the upconversion mechanism.
At this stage, a few comments need to be made, as far as the efficiency of the energy transfer mechanism itself is concerned. Indeed we can define the efficiency tr of the transfer mechanism as the ratio between the transfer probability w tr , i.e., the probability per unit time that an exciton generated inside a Si NC gives out its energy to a nearby Er ion in the ground state, and the total recombination probability of the same exciton, comprising both the recombination rate w b for the isolated NC and the transfer probability. Therefore we get tr ϭ w tr w tr ϩw b . ͑4͒
By using the experimentally estimated value of ϳ1 s for tr , and of 2ϫ10 4 s Ϫ1 for w b we get a value of ϳ98% for the energy transfer efficiency, which indeed confirms the strong coupling existing between Si nanocrystals and Er ions.
VI. OPTICAL GAIN

A. Role of Si NC in the Er induced gain
Many parameters can determine and influence a possible optical gain measurement at 1.54 m in Er-doped Si nanocrystals. Among these, the number of excitable Er ions per nanocrystal clearly deserves great attention. Indeed, in order to reach high material gain values, high concentrations of Er need to be inserted in the sample and moreover in their optically active state. Clearly, if only a small fraction of Er ions is coupled with NC's, all the other Er ions which do not benefit from the sensitizing action of NC's become strongly absorbing. Under these conditions, measuring a positive net gain could become a quite difficult task to achieve, since other processes such as photon absorption from an excited NC, or excited state absorption from the first level of Er will dominate. In this section we want to better investigate problems and perspectives related to optical gain in the Er-doped Si NC system simply extending the simulations obtained through Eq. ͑1͒. Indeed, in the previous section the overall experimental data have been fitted through Eq. ͑1͒, accurately determining all of the main physical parameters involved. The physical variables that have been varied in the investigation are the Er concentration ͑ranging between 3 ϫ10 17 /cm 3 and 1.4ϫ10 21 /cm 3 ) and the excitation pump power ͑in the range 1 -10 3 mW). The density of Si nanocrystals in the sample has been fixed to ϳ1ϫ10 /cm 3 , the number of excited Er ions per NC cannot exceed 1. When the Er concentration equals the Si NC one, the average number of excited Er ions per NC increases with increasing the pump power, reaching asymptotically the value of 1 at the highest pump powers ͑vertical dashed line͒. By increasing the Er concentration, the pump power trend of the number of excited Er ions per NC is still characterized by a saturation behavior, since almost all of the Er ions are excited at the highest power densities. However, the saturation value obtained at very high pump powers increases with the total Er concentration present in the sample, as attested by the brighter tones in the figure. On the other hand, from Fig. 12 we can observe that if the pump power is lower than ϳ3 W/cm 2 , the number of excited Er ions per NC is lower than 1, even at the highest Er concentration used. Indeed, since the excitation of Er through a NC is a sequential process, only one Er ion at a time can be excited by a NC, the typical energy transfer time being very fast, i.e., ϳ1 s, as shown before. Therefore, once the NC is excited, it transfers very quickly its energy to a nearby Er ion, thus relaxing to the ground state and waiting for another excitation to occur. If the time inteval ( ab ) Ϫ1 between two successive excitations of a NC is longer than the lifetime of the first excited level of Er, in steady state conditions only one Er ion is actually excited per NC, even if a lot of Er ions exists. By letting ab ϭ Ϫ1 , where ab ϭ2 ϫ10 Ϫ16 cm 2 and ϭ2.5 ms, a critical pump power density value of ϳ1 W/cm 2 can be estimated, under which the total number of excitable Er ions per NC is limited by the excitation rate of the NC itself. For power densities higher than 3 W/cm 2 , the number of excited Er ions per NC increases by increasing the Er concentration, saturating at the highest Er concentrations to a value which depends on the pump power. This saturation is produced by concentration quenching and up-conversion mechanisms, which are quite effective in the sample. As can be seen, a single Si NC can excite a number as high as 30 Er ions, at the highest pump power and Er concentration used.
It is now interesting to study the Er concentration and the power dependence of the fraction of inverted Er ions in the sample, defined as (N 2 ϪN 1 )/N 0 , where N 2 , N 1 are, respectively, the steady state concentrations of Er ions in the first excited level and in the ground state, as determined by solving Eq. ͑1͒, and N 0 is the total Er concentration in the film. The results are shown in Fig. 13 , where contour lines represent constant values. The white region represents negative values, i.e., noninverted Er ions. For Er concentrations lower than 1ϫ10 19 /cm 3 , 90-100 % of Er ions can be excited at very high pump powers. At a fixed high power density, by increasing the Er concentration, the fraction of inverted Er ions is seen to decrease, due to nonradiative quenching processes, such as concentration quenching and upconversion, which become active for Er concentration greater than ϳ10 20 /cm 3 and tend to deplete the first excited level of Er. However, if we look at the gain that can be induced by all of the Er ions present in the matrix, a different scenario appears. Indeed, in Fig. 14 a contour plot showing the Er induced positive gain g at 1.54 m as a function of both the Er concentration and the pump power is reported in a gray logarithmic scale. The white region is for negative gain. The border line dividing the white and the gray regions is the zero-gain line. Actually gϭ e (N 2 ϪN 1 ) , where e is the emission cross section of level 4 I 13/2 , and (N 2 ϪN 1 ) is the total concentration of Er ions inverted in that level. For the emission cross section of Er, a value of 1ϫ10 Ϫ19 cm 2 has been used, as recently determined by both Kik et al. 38, 39 and Shin et al. [40] [41] [42] Figure 14 is quite interesting, since it shows that in order to achieve a positive gain, we need to get across the marked solid curve, delimiting the two regions of positive and negative gain. This is quite similar to a phase transition diagram, where the space coordinates are the Er concentration and the power density, and the two phases are, respectively, the absorbing and the amplifying Er state. Hence the marked line represents the region where both the amplifying and the absorbing phases coexist, i.e., where the material is transparent at 1.54 m. By increasing the Er concentration, starting from a value of 3ϫ10 17 /cm 3 , the pump power needed to have gϭ0 has to be increased too. It is worth noticing that for Er concentrations higher than the Si NC one, despite quenching processes are limiting the fraction of inverted Er ions, as shown in Fig. 13 , positive Er induced gain can still be achieved. In particular, higher Er induced gain can be reached at the highest pump powers and Er concentrations. For example, gain values in between 4 and 10 cm Ϫ1 can be obtained in a wide region of Er concentration, in the range 5ϫ10 19 -6ϫ10 20 /cm 3 , but at a power density of about 3.5ϫ10 3 W/cm 2 . Clearly, decreasing the power density produces a reduction of the Er concentration window where these gain values can be achieved. Given a certain Er concentration, a critical value of the excitation power exists under which negative losses can only be observed. For example, when the Er concentration is 2ϫ10 20 /cm 3 , a positive Er induced gain could be measured only using power densities greater than ϳ250 W/cm 2 . In addition, a slight increase of the Er concentration produces a strong enhancement, with a quadratic law, of the power threshold, as described by the marked line in Fig. 14 .
In Fig. 14 , a white line showing the simulated zero-gain curve for Er in SiO 2 without Si NC is also reported. In this case only excitation of Er through the direct absorption of a 488 nm photon is considered, i.e., the constants C bi describing the coupling between Si NC's and Er ions have been set to zero, while all of the other parameters have been maintained fixed to their original values for simplicity. As can be seen, the power density threshold for observing positive gain is strongly increased, by ϳ3 orders of magnitude. Thus from Fig. 14 it is evident that Si NC's play a key positive role for the Er induced gain in three main ways. ͑i͒ First of all the presence of Si NC's which can strongly absorb the 488 nm incident photons and rapidly transfer the energy to Er, determines a lowering of the pump power threshold needed to observe Er-induced gain, with respect to Er-doped insulating hosts, where only direct photon absorption, characterized by a much lower excitation cross section can occur. ͑ii͒ Moreover, Er 3ϩ ions in presence of Si NC's can be excited by photons which are not necessarily in resonance with the absorption spectrum of Er 3ϩ , since Si NC's can absorb light in a broad spectrum and then transfer quasiresonantly and efficiently their energy to the rare earth. This clearly opens the way towards Er-doped Si-NC-based optical amplifiers pumped by broad band light sources. ͑iii͒ Eventually, Si NC's dispersed in the oxide matrix determine both an increase in the mean refractive index and a reduced homogeneity of the material. This produces a greater mixing of the Er related level, and as a consequence, an increase in the radiative transition probability, which reflects in a clear increase of the Er emission cross section. 39, 42 Since optical gain is directly proportional to the emission cross section, the Er-doped Si NC offers greater changes to have higher Er induced gain values at 1.54 m, with respect to insulating hosts.
B. Role of Si NC in the optical losses
Despite the clear positive effects in the Er induced gain, Si NC's could, however, introduce loss mechanisms, which deserve to be studied in details in order to understand the establishment of a net positive gain at 1.54 m in Er-doped Si nanocrystals. Among these, the most important is surely the confined carriers absorption ͑CCA͒ mechanism describing the absorption of a 1.54 m photon from a confined exciton in a Si NC. This process is the analog of the well known free carrier absorption ͑FCA͒ occurring in bulk crystalline Si, where a 1.54 m photon can be absorbed by a free carrier ͑both an electron in the conduction band or a hole in the valence band͒ which is then promoted to a higher excited level. The excitation cross section describing FCA is of the order of 10 Ϫ17 cm 2 , while no determination of the CCA cross section is known to our knowledge. In order to study the weight of CCA, we simulated the fraction of excited Si NC's in steady state in our Er-doped Si NC system. By solving Eq. ͑1͒ using the coefficients in Table I , we determined the concentration n b of excited Si NC's. In Fig. 15 , the fraction of an excited NC, obtained by dividing n b for the total NC concentration n 0 , is reported as a function of both the Er concentration and the power density, in a gray scale contour plot. This time, increasing values are represented by darker tones of gray. It is worth noticing that when the concentration of Er ions in the film is lower than 10 19 /cm 3 , by increasing the pump power, the fraction of an excited Si NC increases in a way which is almost independent of the particular Er concentration. At the highest pump power used, almost 100% of Si NC's can be excited. When the Er concentration is increased, more than one Er ion can be coupled with a single Si NC, as already reported in Fig. 12 . Due to the strong coupling, the contour lines which describe the constant fractions of excited Si NC's bend towards higher pump powers. Indeed a wide region opens up ͑represented by white͒, where less than 10% excited NC exists in the film. This is a region where losses induced by CCA from an excited Si NC can be so low to allow for a good chance in observing positive gain.
In order to compare the strength of both the Er induced gain g and the Si-NC-induced losses ␣ CCA , we define a parameter as the ratio
where CCA is the confined carriers absorption cross section. In order to have a positive net gain, we should have Ͼ1. In Fig. 16 the ratio between the concentration of inverted Er ions ͑i.e., N 2 ϪN 1 ) and the concentration of excited Si NC's ͑i.e., n b ) is reported as a function of pump power and Er concentration. A wide region in the phase space exists where (N 2 ϪN 1 )/n b Ͼ1. In this region a net positive gain would be observed only if e / CCA у1, since in this case Ͼ1 too. But this is a quite lucky situation, where we are assuming that the emission process from an excited Er ion has the same ͑or higher͒ strength than the carrier absorption from an excited Si NC. Unfortunately, this turns to be untrue to some extent. For example in bulk Si the free carrier absorption cross section is more than two orders of magnitude higher with respect to the emission cross section of Er. However, recent experiments suggest that carrier absorption from Si NC could be somewhat reduced with respect to bulk Si ͑Ref. 39͒, being characterized by an absorption cross section of ϳ10 Ϫ18 cm 2 . Therefore, assuming this value, we get e / CCA ϭ10 Ϫ1 . Hence a net positive gain could be achieved only when (N 2 ϪN 1 )/n b Ͼ10, as reported in Fig. 16 .
In Fig. 17͑a͒ , the Er induced gain g ͑up triangles͒, the Si NC induced losses ␣ cca ͑down triangles͒ and the effective gain g net ϭgϪ␣ CCA ͑closed circles͒ are shown as a function of the excitation power, for an Er concentration of 2.4 ϫ10 20 /cm 3 . For very high pump powers, the simulated net gain is 0.24 cm Ϫ1 . This positive gain is a result of the sensitizing action played by Si NC's in exciting Er ions. Indeed, since each NC is able to excite more than one Er ion, the material gain can be so high to overcome the Si NC induced losses. Moreover, due to the strong interaction between NC and Er, the energy transfer time can be so fast to strongly reduce the fraction of excited Si NC's, thus lowering the NC induced losses. Higher gain values could be obtained increasing the coupling coefficient between NC and Er and reducing the up-conversion mechanism, by playing both with the material used and with the preparation conditions. However, an accurate determination of the confined carriers absorption cross section is still necessary, since as reported in Fig. 17͑b͒ the actual value of this parameter strongly influences the net gain of the Er-Si NC system. Indeed, from the figure it can be noticed that the system can have quite high gain values (ϳ10 cm Ϫ1 ) if CCA ϭ1ϫ10 Ϫ19 cm 2 , while it turns to be strongly absorbing if the CCA cross section tends towards the bulk-Si value of 1ϫ10 Ϫ17 cm 2 . The recent experimental observation [40] [41] [42] of net optical gain in the system is a clear proof that CCA should be quite reduced with respect to the bulk Si value.
VII. CONCLUSIONS
In conclusion, we have presented a phenomenological description of the Er-doped Si nanocrystals system able to quantitatively describe the measured optical properties. By introducing a rate equation based formalism, describing the density populations of interacting Si-NC-Er levels, we were able to determine both the NC-Er coupling constant and the up-conversion coefficient, through a fit of the overall experimental data. Moreover, an energy transfer time of ϳ1 s has been experimentally estimated. It has been demonstrated that each Si nanocrystal can be coupled with more than one Er ion, the maximum number of excitable Er ions per nanocrystal being only limited by the Si NC excitation rate, by the total Er concentration, given a fixed NC concentration, and eventually by the transfer time. The possibility of observing positive gain at 1.54 m in such a system has been extensively discussed, with a particular attention to gain limiting effects, such as cooperative upconversion and confined carriers absorption induced by excited nanocrystals. Indeed we have shown that Si NC's can have positive as well as negative aspects as far as the optical gain at 1.54 m from Erdoped Si NC is concerned. Nevertheless, under appropriate conditions net optical gain can be reached. All of these studies, together with our recent demonstration of the feasibility of electrical pumping, 37 open the route towards the possibility of fabricating electrically driven optical amplifiers based on the promising Er-doped Si nanocrystals system.
